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The beneficial effects of dietary glucosylceramide on the barrier function of the skin have been increasingly reported, but the entire mechanism has not been clarified. By DNA microarray, we investigated changes in gene expression in hairless mouse skin when a damage-inducing AD diet and a glucosylceramide diet (GluCer) were imposed. GluCer administration potentially suppressed the upregulation of six genes and the downregulation of four genes in the AD group. Examination of the epidermal and/or dermal expression of Npr3, Cyp17a1, Col1a1, S100a9, Sprr2f, Apol7a, Tppp, and Scd3 revealed responses of various parts of the skin to the diets. In normal hairless mice, GluCer administration induced an increase in the dermal expression of Cyp17a1 and the epidermal expression of Tppp, and a decrease in the epidermal expression of S100a9. Our results provide information on gene expression not only in whole skin but also in the epidermis and dermis that should prove useful in the search for the mechanisms underlying the effects of GluCer on damaged and normal skin.
Key words: glucosylceramide diet; AD diet; gene expression; dermis; epidermis Sphingolipids are components of the plasma membranes of all eukaryotic cells, and have long been known for their diverse biological functions. Their structures are characterized by an 18-carbon amino-alcohol backbone, and they vary greatly depending on the source. In mammalian skin, sphingolipids, along with cholesterol and free fatty acids, make up the cornified envelope, which plays a key role in barrier function. 1) The synthesis of glucosylceramide (GluCer) in particular is critical to the integrity and function of the epidermis. 2) Recent studies have focused on the benefits of dietary GluCer, and sphingolipids in general, on the properties and functions of the skin. GluCer from plant sources can be digested and absorbed in the intestinal tract, although absorption of it is lower than that of mammalian-derived sphingolipids. 3) Oral administration of GluCer has been suggested to improve cornified envelope formation in UV-irradiated hairless mice. 4) It has also been found that dietary sphingolipids can play an important role in the healing of chronically damaged skin. 5) In addition, application of a ceramide derivative in mice was found to inhibit skin inflammation and atopic dermatitis. 6) Apart from sphingolipids, there are rising numbers of studies of the roles of other food substances in skin care. For example, soy isoflavones were found to protect mouse skin from ultraviolet-induced aging through inhibition of MMP1 expression. 7) Polyphenols from other sources such as green tea, pomegranate fruit extract, and grape seed were also found to have protective effects on UV-caused inflammation and carcinogenesis in the skin. 8) To some extent, the benefits of collagen hydrolysates intake for skin conditions have been considered. 9) These findings significantly increase knowledge of functional foods for the skin. While many pathways have been suggested to modulate the functions of food polyphenols in the skin, the molecular mechanisms that underlie the beneficial effects of dietary GluCer and other sphingolipids are not well understood. To identify the factors involved in the mechanisms in question, we used DNA microarray analysis, a powerful method, to achieve an overview of gene expression changes in hairless mouse skin. It has been reported that hairless mice can be used as a model of atopic dermatitis-like symptoms (dry red skin with infiltration of inflammatory cells) when they are fed the special diet, HR-AD, deficient in magnesium. 10) First we examined the effects of a GluCer diet on gene expression after a period of damage induction by an HR-AD diet. In addition, the effects of the GluCer diet on mouse skin under normal conditions were studied.
Materials and Methods
Reagents. Phosphate-buffered saline (PBS) was purchased from Nissui Pharmaceutical (Tokyo), reduced serum-supplemented medium (MCDB) and fetal bovine serum (FBS) were from Sigma (St. Louis, MO), collagenase was from Wako (Osaka), and RNeasy Mini kit was from Qiagen (Venlo, Netherlands).
Diets.
A normal diet (Labo MR Stock in powder and pellet form), and a magnesium-deficient diet (HR-AD) were from Nosan (Kanagawa, Japan). Glucosylceramide (powder, from maize) was purchased from Nagara Science (Gifu, Japan), and this was added to Labo MR Stock powder to yield a 0.1% GluCer diet.
Animals. Three-week old female hairless mice (Hos:HR-1) were from Japan SLC (Shizuoka, Japan), and were kept at 25 C under a 12-h light/dark cycle during the experiments. They were acclimatized for 1 week prior to the experiments. All animal experiments were performed in accordance with the guidelines of the University of Tokyo. Experiment 1. To identify gene expression changes in the skin under HR-AD diet-induced damage and the potential of the GluCer diet to aid the recovery process, the mice were divided randomly as described previously: 5) In the first 4 weeks, the hairless mice were fed normal diet or the AD diet; subsequently, in 4 weeks of recovery, the normal diet group was designated the control group and still fed the normal diet (n ¼ 5), while the AD diet group was divided into an AD group fed the normal diet (n ¼ 5), and an AD-GluCer group fed the GluCer diet (n ¼ 4), as illustrated in Fig. 1 .
To determine the effects of the GluCer diet on hairless mouse skin under normal conditions, the mice were divided randomly into two groups: the control group (n ¼ 5) fed the normal diet for 8 weeks, and the GluCer group (n ¼ 4) fed the normal diet for 4 weeks and then the GluCer diet for 4 more weeks.
The animals were allowed free access to diet and water. Body weight was measured twice per week. After the last day of an experiment, the mice were sacrificed by cervical dislocation. Dorsal skin samples of 1 cm 2 were taken from each mouse and stabilized in RNAlater for whole-skin RNA extraction (for DNA microarray analysis), or were washed with PBS and then placed on the surface of a collagenase-containing MCDB medium in a petri dish at 4 C overnight to allow separation of epidermis and dermis for RNA extraction of each part (for real-time RT-PCR analysis).
DNA microarray analysis.
A GeneChip Ò 3 0 IVT Expression Kit and the GeneChip Ò Mouse Genome 430 2.0 Array (Affymetrix: Santa Clara, CA) were used. The RNA samples from all the mice of each group were pooled and divided to be used as three replicates for one microarray plate. The procedure of microarray was as described below.
Total RNA extraction and cDNA synthesis. Dorsal skin samples (1 cm 2 ) were stabilized in RNAlater Ò Solution (Ambion, Austin, TX) at 4 C overnight. Then the samples were homogenized in the buffer RLT provided in the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) with a Polytron PT3100 homogenizer (Kinematica, Bohemia, NY). Purification of total RNA was done following the manual of the RNeasy Mini Kit.
Poly-A control was diluted with Poly-A control Dil Buffer and added to 250 ng of total RNA. To that were added First-Strand Buffer Mix and First-Strand Enzyme Mix, followed by incubation at 42 C for 2 h. Then Nuclease-free water, Second-Strand Buffer Mix, and Second-Strand Enzyme Mix were added, followed by incubation at 16 C for 1 h and at 65 C for 10 min in order to obtain double-stranded cDNA.
aRNA synthesis by in vitro transcription (IVT) and purification. IVT Biotin Label, IVT Labeling Buffer, and IVT Enzyme Mix were added to the synthesized cDNA, and the mixture was incubated at 40 C for 16 h. RNA Binding Beads and RNA Binding Buffer Concentration were added to the aRNA obtained, and the binding process was carried out in a U-bottom plate with ethanol. After a washing with aRNA Wash Solution, the aRNA was eluted in nuclease-free water. Fragmentation was performed by adding 5Â Array Fragmentation Buffer to the aRNA and incubating this at 94 C for 35 min.
Hybridization. Hybridization Mix was added to the GeneChip and this was shaken for 10 min at 45 C at 60 rpm. The fragmented aRNA was mixed with Control Oligonucleotide B2, Hybridization Controls (bioB, bioC, bioD, cre), 2Â Hybridization Mix, and DMSO. The mixture was incubated for 5 min at 99 C and for 5 min at 45 C and then centrifuged for 5 min at 12,000 rpm. The supernatant was added to the GeneChip after the Hybridization Mix was discarded, and the GeneChip was shaken for 16 h at 45 C at 60 rpm.
Staining and scanning. Probe array was washed and stained with Affymetrix GeneChip Fluidics Station 450 following the manual. Non-Stringent Wash Buffer (6Â SSPE and 0.01% Tween20) and Stringent Wash Buffer (100 mM MES, 0.1 M [Na þ ], and 0.01% Tween20) were used as wash buffers A and B respectively. Stain Cocktail 1 was composed of 100 mM MES, 1 M [Na þ ], 0.05% Tween20, 2 mg/mL of acetylated BSA, and 10 mg/mL of Streptavidin Phycoerithrin (SAPE). Stain Cocktail 2 contained 100 mM MES, 1 M [Na þ ], 0.05% Tween20, 2 mg/mL of acetylated BSA, 0.1 mg/mL of Goat IgG Stock, and 3 mg/mL of biotinylated antibody. Affymetrix GeneChip Scanner 3000 7G was used for scanning.
DNA microarray data analysis. The scanned data were analyzed by means of ArrayStar (DNASTAR) software. Normalization was based on the Robust Multi-Array Average method. GeneOntology (GO) analysis was also done.
Real-time RT-PCR. To validate the DNA microarray results for whole skin, RNA samples from all the mice of a given group were mixed and divided to be used as three replicates. To analyze the epidermal and dermal expression of certain genes, three mice were taken at random from each group, then RNA samples were taken from these mice and used without mixing.
PrimeScriptTM RT Master Mix (Takara Bio, Shiga, Japan) was used for cDNA synthesis following the manufacturer's instructions. SYBR II Premix Ex TaqTM from Takara, and PCR primers from Invitrogen (Tokyo) were used. The Light Cycler system (Roche Diagnostics, Basel, Switzerland) was operated as follows: 10 s at 95 C, denaturing for 5 s at 95 C, annealing for 20 s at 60 C (except for Hprt, at 56 C), and 15 s extension at 72 C. PCR primer sequences: Scd3, 5 0 -cgccacaactttaaatccttg-3 0 and 5 0 -gtgtacgaaggcgtcatctct-3 0 ; Npr3, 5 0 -tgttgagaaacaagggctca-3 0 and 5 0 -gtcatggaacccttcaacaaa-3 0 ; Cyp17a1, 5 0 -catcccacacaaggctaaca-3 0 and 5 0 -cagtgcccagagattgatga-3 0 ; Apol7a, 5 0 -cctggtgagctgtaaggaaca-3 0 and 5 0 -ccacactctcaacaaagcattc-3 0 ; Tppp, 5 0 -cgtggacattgtcttcagca-3 0 and 5 0 -tcttatccttgaaccgcttctt-3 0 ; Sprr2f, 5 0 -tcctggaatactttggagaacc-3 0 and 5 0 -ctttggtggtggacacacag-3 0 ; S100a9, 5 0 -caccctgagcaagaaggaat-3 0 and 5 0 -tgtcatttatgagggcttcattt-3 0 ; Col1a1, 5 0 -catgttcagctttgtggacct-3 0 and 5 0 -gcagctgacttcagggatgt-3 0 ; Hprt, 5 0 -ctggtgaaaaggacctctcg-3 0 and 5 0 -tgaagtactcattatagtcaagggca-3 0 .
Statistical analysis of real-time RT-PCR data. Data were expressed as means AE SE. Statistical analyses were performed by ANOVA, followed by Fisher's LSD post-hoc test to determine levels of significance between groups (p < 0:05). In the first 4 weeks, hairless mice were fed the normal diet or the AD diet. Subsequently, in 4 weeks of recovery, the normal diet group was designated the control group and fed the normal diet, while the AD diet group was divided into an AD group fed the normal diet, and an AD-GluCer group fed the GluCer diet. The GluCer diet is a normal diet containing 0.1% GluCer from maize.
Results and Discussion

Effects of the HR-AD diet on gene expression in mouse skin
A previous study indicated that HR-AD diet-fed hairless mouse can be used as an experimental model of atopic dermatitis-like skin lesions. 10) The effects of this special diet on gene expression levels in the skin, however, have not been described. To investigate the gene expression changes in mouse skin under AD dietinduced damage and the repair-aiding potential of glucosylceramide supplementation, female hairless mice were divided randomly as described previously. 5) In the first 4 weeks, the hairless mice were fed the normal diet or the AD diet. Then, in 4 weeks of recovery, the normal diet group was designated the control group and fed the normal diet, while the AD diet group was divided into an AD group fed the normal diet, and an AD-GluCer group fed the GluCer diet, as illustrated in Fig. 1 . There were no significant differences in body weight changes between the groups during the experiment period. Skin wrinkles were observed in the mice fed the AD diet for 4 weeks (Fig. 2, lower left) . This is in agreement with a previous report that on day 28 of the feeding period, the appearance of dry red skin increased, 10) suggesting that the AD diet used in our experiment can efficiently induce atopic dermatitis-like skin damage.
After 4 weeks of recovery, AD-induced skin wrinkles were decreased, and there were no clear differences in skin appearance between the control and the AD group (Fig. 2, right column) , but DNAmicroarray analysis of whole-skin samples indicated that 97 genes were upregulated more than 1.5-fold in the AD group as compared to control. Twenty-nine of these were members of a gene family encoding keratin-associated proteins, and 17 were of the keratin family. The rest included Col1a1 (type I collagen (1) chain), Tchh (trichohyalin), and genes encoding cornified envelope proteins such as Sprr2f (small proline-rich protein 2F), S100a8 and a9 (S100 calcium-binding proteins A8 and A9), and Ivl (involucrin) ( Supplemental Table S1 ). Although impaired expression of keratins and cornified envelope proteins in atopic skin has been reported in previous studies, 11) the upregulation of these genes in our data suggest their involvement in the recovery process.
On the other hand, the expression of 135 genes was found to be downregulated by at least 1.5-fold in the AD group as compared to control (Supplemental Table S2a ). Analyzing these genes by GeneOntology (GO), we found 14 genes related to lipid metabolic processes, Cyp17a1, Lep, Acbd3, Scd3, Nr3c1, Acoxl, Idi2, Lpgat1, Elovl6, Hdlbp, Hacl1, Degs2, Lrat, and Rdh11 (Supplemental Table S2b ). Given that lipid components in the epidermis are crucial to skin barrier function, downregulation of these genes might be evidence of the disruptive effects of the AD diet on the skin. However, the downregulated expression of these genes might have resulted from the recovery process, as the mice were fed the normal diet for the last 4 weeks after the damage induction period. Since their expression patterns in atopic skin are not known, further studies are necessary to address the question whether these changes occurred at the ADinduced inflammation stage or at the recovery stage.
Potential of the GluCer diet to repair AD-induced skin damage
Following the AD diet feeding period, GluCer (0.1%) was added to the diet of a group of mice in order to examine the effects of GluCer on damage-induced skin. Skin wrinkles were decreased and there were no clear differences in skin appearance among the control, AD, and AD-GluCer groups (Fig. 2, right column) , but microarray revealed that 20 genes were upregulated (Supplemental Table S3 ) and 78 downregulated ( Supplemental Table S4 ) more than 1.5-fold in the AD-GluCer group as compared to the AD group.
GluCer administration suppressed the upregulation of six genes in the AD group, Spon1, Wfdc12, R3hdm1, Tppp, Apol7a, and Krtap6-3 (Table 1 ). In contrast, GluCer supplementation suppressed the downregulation of four genes in the AD group, Cyp17a1, Npr3, Mosc1, and Scd3 ( Table 2) . Most of these genes are related to skin-barrier functioning and inflammation, and the differential changes in their expression between the AD group and the AD-GluCer group perhaps show that GluCer supplementation induces the process of repairing after the disruptive effects of the AD diet on the skin. To validate our microarray results by quantitative RT-PCR, we selected Apol7a, Col1a1, Tppp, S100a9, Sprr2f, Npr3, Scd3, and Cyp17a1, since these genes are most closely related to skin properties. Apol7a belongs to the apolipoprotein L gene family, known for their role in the exchange and movement of lipids, including cholesterol, which plays an important role in the barrier activity of the skin. Tppp (tubulin polymerization promoting protein) was selected, since it might be related to myelin and nerve regeneration in the skin. [12] [13] [14] [15] [16] Npr3 encodes a receptor for atrial natriuretic peptide (ANP), which has been reported to induce cutaneous inflammation. 17) Scd3, which has been found to be expressed exclusively in the skin 18) is a stearoyl-CoA desaturase that converts saturated fatty acids into mono-unsaturated ones, and Cyp17a1 is essential to cortisol synthesis from cholesterol breakdown. 19) We also selected S100a9 and Sprr2f, since they belong to the family of cornified envelope proteins, although microarray did not show any great changes in their expression levels, 1.49 and 1.16 fold respectively, in the AD group ( Supplemental Table S5 ). Analysis by quantitative RT-PCR indicated that AD-GluCer treatment repaired the downregulated expression of Scd3, Npr3, and Cyp17a1, and the upregulated expression of Tppp, Apol7a, Sprr2f, and S100a9 in the AD group (data not shown). Upregulation of Col1a1, however, was not affected by GluCer supplementation (data not shown). These movements are in accord with the microarray results for the whole-skin samples.
Gene expression in the epidermis and dermis
In comparing the expression levels of the selected genes in the epidermis and dermis by real-time RT-PCR, Npr3 and Col1a1 were found at higher levels in the dermis, while Scd3, Apol7a, Sprr2f, Tppp, and S100a9 were at higher levels in the epidermis, and the Cyp17a1 expression levels in the two parts were compatible ( Fig. 3) .
Diet-induced changes in these genes were examined in the various skin layers, and in both layers in the case of Cyp17a1. No significant differences were found for Cyp17a1 in the epidermis (data not shown), but the expression levels of Npr3 and Cyp17a1 in the dermis were reduced by 7.5 and 1.8 fold respectively in the AD group, and almost unchanged in the AD-GluCer group as compared to control (Fig. 4 ). This is in accord with the results for whole skin. Col1a1 expression in the dermis was almost 3-fold downregulated in the AD group, and was half the control level in the AD-GluCer group, although these changes were not statistically significant (Fig. 4) . In the epidermis, the expression levels of Sprr2f, Tppp, and S100a9 were upregulated in the AD group (by 2, 1.37, and 1.72 fold respectively), and recovered fully in the AD-GluCer group (Fig. 5 ). Scd3 expression was 2.2-fold downregulated in the AD group, and returned almost to the control level in the AD-GluCer group. Finally, Apol7a expression was 2.5fold upregulated in the AD group, but it did not recover when GluCer was applied.
Although AD diet-and GluCer diet-induced gene expression changes in whole skin have been reported, 20) little is known about changes in the epidermis and the dermis, or their interactions, which may hold the key to the mechanism. Here we investigated the epidermis and the dermis separately in order to determine the role of each in response to diet. Our results indicate that the changes in each part were correlated with those in the whole skin for six of the selected genes, suggesting that these genes should be focused on in further in vitro experiments using cultured epidermal cells and dermal cells. As for Col1a1 and Apol7a, certain epidermisdermis interactions may be required to modulate their changes in response to a given diet. Thus a more complicated culture system, for example three-dimentional co-culture, might be a better method of studying these particular genes. Stearoyl-coenzyme A desaturase 3 0.62 1.75
Fig. 3. Differential Gene Expression as between the Epidermis and the Dermis.
Hairless mice were fed the normal diet for 8 weeks, and dorsal skin samples were taken and treated with collagenase in MCDB overnight to allow separation of the dermis and epidermis. Total RNA was extracted from each part, and real-time RT-PCR was used to analyze the differential expression levels of the genes of interest between the two parts of the skin. Values are mean AE SEM, n ¼ 3, Ã p < 0:05 ÃÃ p < 0:01 by ANOVA, followed by Fisher's LSD post-hoc test.
Effects of the GluCer diet on gene expression in hairless mouse skin under normal conditions
Mice were divided into two groups: a control group fed the normal diet for 8 weeks, and a GluCer group fed the normal diet for 4 weeks and then the GluCer diet for 4 more weeks. Similarly to our previous experiment, there were no significant differences in body weight changes between the control group and the GluCer group. We used real-time RT-PCR to determine the expression levels of the selected genes in the dermis and epidermis. In the dermis, the expression level of Cyp17a1 was almost doubled by the GluCer diet, whereas Col1a1 expression tended to decrease by 2.5fold, although this was not statistically significant. The Npr3 expression level, however, was not changed by oral administration of GluCer (Fig. 6 ). Meanwhile, in the epidermis, the expression of Tppp was found to be 1.5-fold upregulated and that of S100a9 was decreased to 70% of the level of the control group. The other genes, Scd3, Sprr2f, and Apol7a, did not show any significant changes in their expression levels (Fig. 7) .
Tubulin polymerization promoting protein, the protein encoded by Tppp, is known for its role in oligodendrocyte differentiation prior to myelination in the nervous system, 14) and changes in TPPP/p25 (a natively unfolded TPPP) has been reported to be a feature of demyelination of nerve fibers in multiple sclerosis, which is an inflammatory disease. 13, 15) Although the functions of Tppp in the skin are not clear, AD diet-induced upregulation of Tppp in experiment 1 suggests the involvement of inflammation of sensory nerve fibers in the skin. The effects of the GluCer diet on the expression level of Tppp differed between the ADtreated mice (Fig. 5 ) and the normal mice ( Fig. 7) , but currently there is not enough information to determine whether Tppp functions distinctively depending on the skin condition.
To date the effects of the GluCer diet have been reported exclusively for damage-induced skin, 20, 21) and there is very little information on how it affects normal skin. This study indicates that for normal skin, oral administration of this supplement did not trigger significant changes in the expression of most selected genes. Comparing the two experiments, it appears that GluCer supplementation is more active as to repairing damaged skin, at least in terms of gene expression. Nevertheless, GluCer diet-induced upregulation of Cy-p17a1 and Tppp and downregulation of S100a9 can be considered in further studies to determine whether GluCer ingestion contributes to homeostasis of the skin.
In conclusion, we suggest that along with genes related to lipid metabolism, genes related to natriuretic peptide balancing and genes related to nerve regeneration can also be taken into account in analyzing the mechanisms of the effects of dietary GluCer on the skin. We also suggest that the correlation in the expression of certain genes between the epidermis or the dermis and the whole skin is important for a better understanding of these effects. Although the mechanism is yet to be elucidated, our gene expression profile provides information for further studies on this issue. 
